SV40 (simian virus 40) is a double-stranded DNA virus and is strongly oncogenic in experimental animals. SV40 enters cells by atypical endocytosis mediated by caveolae, transporting the virus to its usual destination, namely the endoplasmic reticulum. The cellular mechanisms of capsid disassembly (uncoating) and deliverance of the viral genome into the cellular nucleus remain unknown. Here, we study (i) the formation of caveolae after viral infection and the diffusion of caveosome vesicles in the cytoplasm and (ii) the capsid disassembly and the mobility of the viral genome on its way to the nucleus, using fluorescence correlation spectroscopy. To follow the viral genome and capsids separately, the histone components of SV40 minichromosomes were labelled with enhanced yellow fluorescent protein and the capsid was labelled with a fluorescent red dye, Alexa568. We characterized the diffusion of caveosomes, the capsid disassembly process in the cytoplasm and the mobility of the viral genome in the nucleus, using two kinds of permissive cells.
Characterization of simian virus 40 on its infectious entry pathway in cells using fluorescence correlation spectroscopy
Introduction SV40 (simian virus 40) belongs to the papovaviridae family and is one of the simplest double-stranded DNA viruses. SV40 was discovered in the early 1960s as an agent inducing cytopathic effects and vacuole formation in monkey cells [1] . Soon, it was demonstrated that SV40 is highly oncogenic in experimental animals [2, 3] ; for this reason, SV40 has been studied extensively as a model of tumour-causing viruses. Despite the fact that SV40 can infect human cells, it is generally not considered as a human pathogen. The role of SV40 in human cancer is not clear [4] .
The SV40 capsid is made up of 72 capsomers as the VP1 coat protein forming the icosahedral shell (45 nm in diameter) around the viral genome [5] . Two minor coat proteins, VP2 and VP3, appear to serve as bridges between the genome and the capsid. A unique quality of SV40 consists in its circular double-stranded DNA SV40 genome (approx. 5 kb), which exists in a supercoiled form and is associated with histones derived from the host, forming 'minichromosomes' wound into 25 nucleosomes [6] . SV40 uses the MHC class I antigens as its cell-surface receptors and enters cells by atypical endocytosis mediated by caveolae that transport the virus to the ER (endoplasmic reticulum) [7, 8] instead of the endosomal-lysosomal compartment, considered as the usual destination for viruses. Caveolae are flask-shaped plasmamembrane invaginations with a diameter of 50-80 nm, composed primarily of the membrane protein caveolin (21 kDa),
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also consisting of dynamin and cholesterol. The SV40 particles that enter through the caveolae, i.e. the caveosomes, are then targeted to the endoplasmic reticulum [9] . From the cytoplasm, the virus moves to the nucleus, where it replicates.
For a number of years, it was believed that SV40 virions enter the nucleus and disassemble there. However, a recent study suggested that some conformational alterations or capsid disassembly occur in the cytoplasm and the viral minichromosomes enter the nucleus in association with only a few capsid proteins [10] . Our goal was to study the formation and diffusion of caveosomes in the cytoplasm, as well as the capsid disassembly and the mobility of the viral genome on its way to the nucleus, using FCS (fluorescence correlation spectroscopy).
In FCS [11] , fluorescence intensity fluctuations arising from the Brownian diffusion of fluorophores are measured in a microscopic detection volume of approx. 10 −15 litre defined by a tightly focused laser beam. FCS represents a non-invasive sensitive tool, providing information about diffusion coefficients, reaction kinetics and the concentration of molecules in the sample. In the present study, the mobility of the fluorescent viruses into cells was characterized through their diffusion coefficient D. The relation between the diffusion coefficient of a particle and its hydrodynamic radius is given by the Stokes-Einstein equation
where k is the Boltzmann constant, T the absolute temperature and η the viscosity. For measuring spatial variations in the diffusion behaviour of fluorescent-tagged molecules in living eukaryotic cells, we used our own-patented set-up, the Fluorescence Fluctuation Microscope. This device combines an FCS module and a beam-scanning unit attached to the video port of an Olympus IX70 inverted microscope [12] (Figure 1A) . The D values of fluorescent components of cells were obtained by an analysis of the measured fluorescence intensity autocorrelation function as described in [12] (Figures 1B and 1C) .
SV40 minichromosomes and capsid labelling
To follow separately the minichromosomes and capsids, the histone components of SV40 chromatin were genetically labelled with EYFP (enhanced yellow fluorescent protein) and the capsids chemically with a red fluorescent dye, Alexa568. We first transferred an EYFP-tagged histone gene into a monkey cell line (RITA) and expressed the fusion protein constitutively in these cells. These cells were then infected with unlabelled SV40 particles of the strain 776. Propagation of virus in these tagged monkey cells leads to incorporation of EYFP-histone into its minichromosomes, which are then packed into the viral capsids. After vacuolization of the infected cells, they were harvested and viruses were purified by differential centrifugation. The major viral fractions were combined and dialysed against an iso-osmotic buffer. For labelling the capsids, we incubated SV40 particles in 0.1 M sodium carbonate (pH 9.3) with Alexa568 succinimidyl ester (Molecular Probes), which reacts with primary amines (R-NH 2 ) on the lysine residues of the viral capsid proteins. The sample was then dialysed in 20 mM Hepes (pH 7.4) buffer.
Before infection, the fluorescently labelled viruses (with an estimated 1 EYFP per 5 nucleosomes [13] , i.e. 5 EYFP per virion and 5 Alexa568 molecules per capsid) were tested by FCS in aqueous solution, yielding a diffusion coefficient D = (8.20 ± 0.62) µm 2 /s. This value was in good agreement with the calculated one, D = 8.7 µm 2 /s, derived from eqn (1), assuming a spherical particle of radius 23 nm for SV40. RITA and CV-1 monkey permissive cells were infected and incubated for 1 h at 37
• C and 5% CO 2 and, then, FCS was measured inside the cells until 7-8 h after the infection.
SV40 minichromosomes and capsid mobility in cells
For both RITA and CV-1 monkey cells, the EYFP minichromosome labelling yielded D values varying from 0.90 to 1.45 µm 2 /s in the cytoplasm (Figures 2A and 2B ). According to eqn (1), this result is in reasonable agreement with the calculated values of D = 0.84-1.50 µm 2 /s, assuming caveosomes as spherical particles with a diameter of 50-90 nm and a cellular viscosity five times that of water [12] . Interestingly, 2 h after the viral infection, a different SV40 mobility, compared with the caveosomes, was observed in the internal cellular 'dark' region ( Figure 1B ) corresponding to nucleoplasma, ER and Golgi. At these specific positions, D varied from 0.55 to 0.82 µm 2 /s (Figures 2A and 2B) . These values clearly indicated a slower diffusion of the minichromosomes in the nuclear area compared with the cytoplasm. It was observed that, 2-4 h after infection, SV40 is sorted into tubular membrane vesicles that move rapidly along microtubules and it is deposited in perinuclear smooth ER organelles [14] . In that context, this slow diffusion of the SV40 genome might be inferred to viral minichromosomes that successfully reached the nucleus and that interact with the nuclear chromatin.
In addition, using SV40 capsids that were Alexa568-labelled, we observed two populations of different mobility in RITA cells ( Figure 2C ). The first population was characterized by D = 0.95-1.55 µm 2 /s. This is in good agreement with the previously observed values for the virus internally labelled with EYFP. This result could be again inferred to caveosomes, assumed as spherical particles with a diameter of 50-90 nm. In addition, we observed a second 'fast' population for which D ranged from 2.8 to 12.7 µm 2 /s. This mobility may result from fragments of the viral capsid that are mainly detected in the cytoplasm, suggesting that capsid disassembly occurs in the cytoplasm and that the viral minichromosomes enter the nucleus.
Conclusion
In the present study, we observed the infectious entry pathway of fluorescently labelled SV40 virus into the cell by FCS. In two different kinds of permissive monkey cells, we characterized the steps of the viral infection process. First, we observed the diffusion of caveosome vesicles into the cytoplasm after the infection of the cells. Secondly, labelled capsids allowed us to observe the disassembly process of the capsids in the cytoplasm. Finally, labelled SV40 minichromosomes showed a faster mobility in the nuclear area compared with the caveosomes, suggesting a possible interaction between the viral and the cellular chromatins.
